Using a laser ablation-inductively coupled plasma mass spectrometer (LA-ICPMS), U-Pb age and rare earth element (REE) abundances have been determined simultaneously from a single 20 µm ablation pit of zircon. The laser ablation system utilizing 193 nm wave-length ArF excimer laser produces stable and reproducible signal intensities resulted in good precisions on measurements of element concentrations and isotopic ratios. Because of the higher energy density of the deep ultra-violet laser beam, ablation fractionation between Pb and U were reduced even with the prolonged ablation, and thus accuracy of Pb-U age was improved significantly.
INTRODUCTION
U-Pb zircon geochronology is one of the most versatile and precise dating methods in determining ages of zircon crystallization or metamorphic overgrowth events. Zircon crystals occur in felsic igneous and sedimentary rocks as well as their metamorphic equivalents. This is mainly due to the ubiquitous presence of zircon in many rock samples and also due to the robustness of the mineral which allows it to survive anatexis and high grade metamorphic events. Standard techniques in U-Pb age determinations include thermal ionization mass spectrometry (TIMS; Krogh, 1973 Krogh, , 1982 and secondary ion mass spectrometry (SIMS) of which the Sensitive High Resolution Ion Microprobe (SHRIMP; Compston and Pidgeon, 1986 ) is the best known. Comparing TIMS and the SHRIMP techniques: although TIMS U-Pb data U ratios, they were only able to report the 207 Pb/ 206 Pb age. Without Pb/U ratios, concordance of the zircon population cannot be tested. The serious Pb/U fractionation can be minimized by either an active focus technique (Hirata and Nesbitt, 1995) , a soft ablation technique (Hirata, 1997) or by using a shorter wavelength for laser ablation (Ludden et al., 1995; Machado and Gauthier, 1996; Scott and Gauthier, 1996; Günther et al., 1997; Tiepolo, 2003; Jackson et al., 2003) . From these accurate Pb/U ratios for zircon were derived. Horn et al. (2000) demonstrated that merging introduction of nebulization mist and sample aerosols produced by the laser ablation technique is capable of U-Pb dating with precision and accuracy comparable to SHRIMP. However, in this mixed sample introduction technique, high background on Pb signals-mainly due to memory effect of Pb in a solution introduction system-could result in a large source of analytical error, and therefore precise determination of 204 Pb and 207 Pb signals was very difficult. This results in large analytical error of the U-Pb ages for Phanerozoic zircons.
Rare earth element (REE) abundances in zircon provide us with important geochemical information such as chemical composition of source magma or provenance studies of single detrital zircon grains from sedimentary rocks. The REE abundance data for zircons have been measured both by SIMS (Metson et al., 1984; MacRae and Metson, 1985; Zinner and Crozaz, 1986) and LA-ICPMS techniques (Jackson et al., 1992; Jarvis and Williams, 1993; Perkins et al., 1993; Longerich et al., 1996; Nesbitt et al., 1997) . The coupling of REE geochemistry with U-Pb geochronology of single zircon grains has the potential to become a strong tool in revealing the nature of the continental crust in early Archean. The advantage of LA-ICPMS and SIMS is its capability to measure both U-Pb and REE abundance patterns simultaneously.
In this study, we investigate a LA-ICPMS analytical procedure for simultaneous determinations of U-Pb ages and REE abundances from 20 µm diameter ablation crater of single zircons. Li et al. (2000) demonstrated that simultaneous in-situ analysis of U-Pb age and trace elements for single-grain zircon could be achieved by using ICPMS combined with a frequency-quadrupled Nd-YAG laser (266 nm). However the 206 Pb/ 238 U age precision was about ten to twenty times poorer than that of TIMS and SHRIMP. Our aims are to obtain better precisions in both U-Pb age and REE abundances by applying a 193 nm ArF excimer laser ablation with a modified ion lens system of the ICPMS. We now describe the feature of the system and present analytical protocols along with results obtained for several standard zircons.
INSTRUMENTATION

ICPMS
The ICPMS instrument used in this study was a ThermoElectron VG PlasmaQuad 2 quadrupole based ICPMS equipped with the S-option interface Nesbitt, 1995, 1997) . In order to achieve higher elemental sensitivity, a new ion lens, known as the chicane ion lens, was applied to our ICPMS instrument. In the standard PlasmaQuad ICPMS instrument, a metallic disc (the photon stop) is placed on the axis of ion beam, its purpose being to reduce background noise due to the detection of UV photons produced in the plasma. The photon stop, however, removes not only photons but also the ion beam, and this results in lowering the ion transmission efficiency through the ion focusing stage. In the case of the chicane ion lens, since no photon stop was set in the axis of the ion beam, the loss of transmission efficiency was minimized (Fig. 1) . With the chicane ion lens, the elemental sensitivity of the instrument is enhanced by factors of 3 to 4, the instrument having count rates ~2 × 10 8 cps/µg g -1 for U (Hirata, 2000) . In addition the background counts were significantly minimized (Table 1) . Typical background counts for the mid mass range (80- 150 amu) is ~5 cps; for the high mass range (220 Dalton) it is 2~5 cps. The slightly higher background in mid mass range is mainly due to detection of scattered Ar-related polyatomic ions. Moreover, the chicane ion lens has the added advantage of minimizing oxide formation. In the case of the chicane ion lens, because the optimum distance between plasma and sampling orifice is significantly greater than that for conventional ion lens system, a high instrumental sensitivity with lower oxide formation can be achieved. In dry plasma conditions achieved on laser ablation introduction, LaO + /La + ratios were lower than 0.2% which is almost 1/2~1/5 the level of the conventional system (Table 1) , and thus no correction of mass spectrometric interference was needed for REE measurements.
Laser ablation system
Constituents of the solid sample are sputtered and evaporated from the surface by laser ablation with a focused laser beam. Shorter laser wavelengths are absorbed by solid material more efficiently, and therefore, a very short wavelength provides a more effective drilling or aerosol creation (Jeffries et al., 1998) . The laser ablation system used in this study was a MicroLas production (Göttingen, Germany) GeoLas 200CQ laser ablation system. This system utilizes Lambda Physik (Göttingen, Germany) COMPex 102 ArF excimer laser as a 193 nm DUV (deep ultraviolet) light source. The beam optics includes the following modules: an optical attenuator to control the energy density on the ablation sites, a set of prisms to create an illumination pattern which fits the requirements of the objective, two-axes high performance homogenizer (18 × 18 fly-eye lenses) to illuminate the apertures with uniform energy density (4~8 J/cm 2 ), and ×25 Schwarzschild objective lens which images the laser beam onto the sample surface. This system delivers high power densities that are useful for sample ablation with various crater pit size (4 µm to 100 µm). The laser can be operated with repetition rates between 1 Hz and 20 Hz for controlling the drilling rate. A further modification includes flushing the ablation cell with He instead of Ar (Eggins et al., 1998a; Guillong and Günther, 2002) , which increases sample transport efficiency and reduces the aerosol deposition at or around the ablation pit. The instrumental sensitivities achieved by the present LA-ICPMS are 1.5 × 10 4 cps/µg g -1 for Pb and U on NIST 610 SRM from a diameter of 20 µm pit size ablated by 5 Hz repetition rate with source pulse energy of 140 mJ. Details of the instrumentation and the operational settings parameters used in this study are summarized in Table 2 .
SAMPLE PREPARATION
Sample preparation for zircons consists of mounting the grains on epoxy resin followed by polishing with 1 µm diamond paste. The samples were then carbon coated for cathodoluminescence observation in order to check the possibility of heterogeneity. After removal of the carbon coating, the sample is ready for analysis.
DATA ACQUISITION
Calibration of Pb/U
All measurements were carried out in peak jump acquisition mode. For U-Pb age determinations, the peaks 202 Hg, 204 Pb ( 204 Hg), 206 Pb, 207 Pb, and 238 U were monitored. A major problem associated with the analysis of 204 Pb using the LA-ICPMS is 204 Hg isobaric interference. It is recognized that Hg mainly originates from Ar gas, since the Hg signals have long duration and do not decay away with time . 204 Hg was corrected for by measuring 202 Hg (which can reach 800 cps) and subtracting an appropriate number of counts from the total signal intensity at 204 Dalton. This is very important because the radiogenic components of 206 has common Pb isotopic composition (Stacy and Kramers, 1975) . The possible sources of common Pb are (a) nonradiogenic initial Pb incorporated by the zircon formation, (b) non-radiogenic initial Pb incorporated by inclusions in zircon, and (c) surface contamination on the zircon through cracks or fission track. The contribution of non-radiogenic Pb can be minimized by judicious choice of the sampling point; this is one of the most important advantages of the micro-probe isotopic analysis. Accidental ablation of apatite or other mineral inclusions in zircon can also be detected by monitoring signal intensities of light-REE (La-Sm). The U-Pb isotopic data obtained from pure-zircon phase was used for further age calculations. We found that surface contamination is the principal source of common Pb, and more importantly, the surface Pb contamination can be easily removed by a single 35 µm diameter laser shot. Figure 2 illustrates the signal intensity of 204 Pb as a monitor of contaminant Pb for Nancy 91500 and PMA7 zircons obtained by a 5 second integration with a laser pit size of 20 µm, which is indicative of significant presence of common Pb on their surfaces. After the laser cleaning, 204 Pb signal intensity for both zircons was remarkably reduced, and the level of contribution of common Pb was reduced to almost negligible size. The residual 204 Pb (points 3 and 5 for PMA7) could originate from the tiny apatite inclusions in the sample. In the analysis reported here, we did not observe a 206 Pb/ 204 Pb ratio below 3000, which is not statistically significant, and thus, no common lead correction was applied throughout this study.
In all branches of mass spectrometry, elemental fractionation between Pb and U isotopes during the laser ablation is a major source of analytical error in U-Pb age measurements. The chemical composition of the ablated aerosol should be identical to that of the original solid sample, when sufficient energy is directed onto the sample. However, this is not true in the case where laser ablation is carried out with a low energy density, or with a high crater pit aspect ratio (defined as ratio of crater diameter and depth). In the latter case, changing Pb/U ratios as a function of ablation time manifest the ablation fractionation effect. Figure 3 shows a time profile of measured 206 Pb/ 238 U ratio of the NIST 610 SRM obtained by the laser ablation using the Nd-YAG laser (266 nm). A systematic increase in Pb/U ratios with ablation time can be explained either by preferential evaporation of more volatile Pb by an elongated laser ablation on single spot, or by deposition of more refractory U around the ablation pits with lowering the photon density due to defocusing of the laser beam. The Pb/U fractionation at the initial ablation stage is mainly due to a larger particle size distribution which leads to incomplete ionization in the ICP (Guillong and Günther, 2002) . On the other hand, in the case of ArF excimer laser, Pb/U fractionation is minimized, and there is no significant increase in Pb/U ratio for the first 30 seconds (Fig. 3) . The explanation for the reduction of Pb/U elemental fractionation is that there is no preferential ablation of the elements. The production of a finer ablation aerosol from the sample is achieved by a higher energy density and absorption efficiency of the shorter wavelength laser beam (Jeffries et al., 1998; Guillong and Günther, 2002) . The production of a finer ablation aerosol also results in the smaller fluctuation of the Pb/U obtained ratio (Fig. 3) . The difference between measured ratio and reference value (0.2249) of Pb/U for the first 30 seconds mainly results from fractionation effects in the ICPMS instrument, such as the elemental fractionation in ICP, space charge effects at the sample cone, and the mass bias at the quadrupole mass spectrometer. Since these effects are nearly constant during the analytical time, the fractionation between 207 Pb and 206 Pb, 206 Pb and 238 U can be corrected using the coefficients calculated from measured ratios for NIST 610 SRM with the accepted values, respectively.
A further advantage of the ArF laser system is that stable and reproducible signal intensities can be obtained. Figure 4 demonstrates Hf were measured. A major problem associated with the REE analysis is the mass spectroscopic interference by oxides (e.g., BaO onto Eu, or CeO onto Gd). In the present LA-ICPMS technique utilizing the chicane ion lens, the observed LaO + /La + was 0.2%, which is almost 1/2~1/5 of the level found on the conventional ion lens system. Since Ba and light-REEs (La-Sm) are strongly depleted in most zircons, the level of oxide interferences originating from Ba or light-REEs onto heavier REEs is smaller than 1%, which is much lower than the analytical precision of the abundance measurements achieved in this study. No correction of oxide interferences was thus made throughout this study.
It is widely believed that calibration using a matrixmatched standard is very important to obtain accurate abundance data. The efficiency of the laser sampling may be dependent upon the physicochemical and mechanical properties of the sample, and moreover, instrumental response could be changed by the sample matrices. However, in the case of LA-ICPMS technique utilizing an excimer laser system, as mentioned by Eggins et al. (1998b) , there is no significant matrix effect in REE. In order to test this, the Hf and Yb contents for Nancy 91500 zircon were measured using the NIST 610 SRM as a calibration standard (Pearce et al., 1996) . The Hf and Yb abundance values obtained are listed in Wiedenbeck et al. (1995) . #2 Recalculated from the data by Sano et al. (2002) , see text for details.
lution-thermal ionization-mass spectrometry (5350~6360 µg/g with an average 5895 µg/g) and by instrumentalneutron activation analysis (5510 µg/g and 5730 µg/g with an average 5620 µg/g, Wiedenbeck et al., 1995) . Moreover, the averaged Yb abundance value of 101 ± 16 µg/g calculated from 12 separate analyses shows good agreement with the values of 84 ± 20 µg/g obtained by SHRIMP (This is a modified value of Sano et al., 2002 , in order to coincide the referenced REE concentration in NIST 610 SRM). These suggest that the matrix effect observed in the present LA-ICPMS technique was smaller than the typical precisions of abundance measurements (20%), and thus, no correction of matrix effect was made in this study.
RESULTS AND DISCUSSION
In order to evaluate the precision and reliability of our measurements, we have analyzed three different zircon samples: Nancy 91500 standard, SL13 SHRIMP calibration standard and Rennes-Southampton-TITech interlaboratory standard PMA7. The U-Pb ages and REE abundances obtained were compared with previous reported data.
Nancy 91500 standard
This sample originally consisted of a single crystal with a mass of 238 gram. In order to test homogeneity, U-Pb age was also monitored by secondary ion mass spectrometry. Wiedenbeck et al. (1995) demonstrated that the sample has a homogeneous Pb isotopic composition of 207 Pb/ 206 Pb of 0.07488 ± 0.00001 (1065.4 ± 0.6 Ma at 2-sigma). 206 Pb/ 238 U ages obtained by TIMS technique was 1062.4 ± 0.8 Ma (2-sigma) with a small degree of discordance (99.7%, Wiedenbeck et al., 1995) . REE abundances for Nancy 91500 were measured by the SHRIMP (Sano et al., 2002) , SIMS and INAA techniques (Wiedenbeck et al., 1995) .
For LA-ICPMS analysis, U-Pb ages of twelve grains have been determined, and the results are summarized in Table 4 and Fig. 5(a) Table 5 . The REE SHRIMP data reported by Sano et al. (2002) were also shown in the same table. The precisions of abundance measurements for mid-to heavy-REE (Gd-Lu) estimated by the 12 replicate analyses were better than 20% (2-sigma). Precisions of abundance measurements for light-REE (La-Sm) were onlỹ 30% (2-sigma) or worse, because of the extremely low contents in zircons. Figure 5(d) gives the C1 (Anders and Grevesse, 1989) normalized REE abundance patterns of measured zircon together with the reported values. (These are modified values of Sano et al. (2002) , in order to coincide with the referenced REE concentration in NIST 610 SRM). Despite the poor precision of the measurement for light-REE, REE abundance patterns show good agreement with those by SHRIMP (Sano et al., 2002) . Wiedenbeck et al. (1995) .
Sri Lanka SHRIMP standard (SL13)
This sample is primarily used as the primary daily calibration between Pb + /U + and UO + /U + for SHRIMP analyses. Since matrix effects are generally serious for ion microprobes, a good matrix matched standard is strongly required. In order to obtain a high degree of precision of the 206 Pb/ 238 U ratio, repeated TIMS measurements on several chips of the zircon and rigorous test have been made (Claoué-Long et al., 1995) . Reported 206 Pb/ 238 U ratios were 0.092821 ± 0.000054 (2-sigma), suggesting that the sample is homogeneous, showing a concordant 206 Pb/ 238 U age of 572.2 ± 0.4 Ma (2-sigma). However, recent high precision SHRIMP analyses revealed heterogeneity beyond analytical errors. As the results, 206 Pb/ 238 U ages for 50 individual spots were spread between 545 and 610 Ma (Compston, 1999) . Compston (1999) has suggested that the SL13 initially crystallized at 580 Ma followed by Pb loss at 565 Ma (yielding an average bulk age of 572 Ma). REE abundances of SL13 have been measured by SHRIMP (Ireland and Wlotzka, 1992) .
We have analyzed 18 spots on a single piece of SL13. Because of the lower contents for radiogenic 206 Pb and 207 Pb, higher repetition rate (6 Hz) was used for the analysis. U-Pb ages are summarized in Table 6 and Fig. 5(b) . The mean 206 Pb/ 238 U age calculated from 18 replicated analyses (569 ± 78 Ma, 2-sigma) is in good agreement with those of TIMS data (565-572 Ma, Claoué-Long et al., 1995) . Mean 207 Pb/ 206 Pb age of 570 ± 244 (2-sigma) also show good agreement with TIMS values (574 ± 7, 2-sigma, Claoué-Long et al., 1995) . The lower analytical precision in 207 Pb/ 206 Pb ages is mainly due to the low 207 Pb content in SL13. Although each data point contains relatively large uncertainties for 207 Pb/ 206 Pb ratio, the mean of several analyses compares favorably with the reported age (Claoué-Long et al., 1995) . Wiedenbeck et al., 1995, (b) Claoué-Long et al., 1995, (c) Menot et al., 1993 Menot et al., , 1994 . The REE data for three samples were plotted on C1-chondrite normalized pattern ((d) for Nancy 91500, (e) for SL13, (f) for PMA7). The REE abundance data obtained by the SHRIMP were also plotted on (d) (Modified after Sano et al., 2002) and (e) (Ireland and Wlotzka, 1992) Sano et al. (2002) , see text for details. #2 Reference is Ireland and Woltzka (1992) . Claoué-Long et al. (1995) . Table 6 . U-Pb isotopic data for SL13 *Abundance data were calibrated using NIST 610 SRM, and no internal standardization was made in this study.
REE abundances of SL13 obtained in this study are listed in Table 5 , along with data obtained by SHRIMP (Ireland and Wlotzka, 1992) . Analytical precision was significantly lower than those achieved in other zircon samples (Fig. 5(e) ). The cause of the poor analytical precision, especially those for light-REE, is due to the presence of small inclusions such as apatite. Since abundances of light-REE in apatite are 3-4 orders of magnitude larger than those in zircon, incorporation of tiny apatite, which does not contribute significantly to the determination of U-Pb age, could produce serious effect on light-REE abundances measurement. Nevertheless, mid-to heavy-REE (Gd-Lu) are consistent with those obtained by the SHRIMP technique (Ireland and Wlotzka, 1992) .
Antarctic zircon (PMA7)
The U-Pb ages of this sample was determined by SHRIMP technique (Menot et al., 1993 (Menot et al., , 1994 Menot et al. (1993 Menot et al. ( , 1994 .
Table 8. REE abundance data for Antarctic zircon PMA7
Simultaneous determinations of U-Pb age and REE abundances of zircons 239
We have analyzed 10 ablation spots from 7 grains of PMA7, and the resulting U-Pb isotopic data are summarized in Table 7 and Fig. 5(c) (Menot et al., 1993 (Menot et al., , 1994 .
REE abundance data are listed in Table 8 , and the C1 (Anders and Grevesse, 1989) chondrite normalized patterns grains 1, 2 and 4 are shown in Fig. 5(f) . A large variation is found in REE contents between the grains. Overall variation of the REE was considerably larger than analytical uncertainties (20% for heavy-REE). Unless the large variations, REE abundance patterns are similar in shapes. REE in grain 1 show a large difference in lightREEs, whilst no significant variation in heavy-REE. The larger variation in light-REE could be due to the presence of small inclusions. Heterogeneity is seen in a grain (grain 4). REE abundances for outer rim of grain 4 are almost twice those in center of the grain 4 (Table 8) , whilst there are no significant difference in U-Pb age between the rim and core (Table 7) . This chemical zoning suggests elevated trace element concentrations in host magma happening in the final crystallization stages (Heaman et al., 1990) . Another feature of Fig. 5(f) is Ce-anomaly. Despite the large variations in REE abundances, Ce contents are almost identical for all samples. This may demonstrate that Ce in zircon grains is not affected probably by the change in partitioning coefficient, which counterbalanced the challenge in REE concentrations of magma during crystallization.
CONCLUSION
We have developed an analytical technique for simultaneous determinations of U-Pb ages and REE abundances from a single 20 µm spot using LA-ICPMS. The results presented above illustrate that an ArF excimer laser ablation-ICPMS equipped with the chicane ion lens system is capable of the purposes with high precisions. The precisions of Pb/U ratio and heavy-REE abundance measurements calculated by repeated 10 spot analysis of NIST 610 SRM were <3% (2-sigma) and <6% (2-sigma), respectively. The precision achieved here were almost half the level achieved by conventional laser ablation-ICPMS instruments utilizing the Nd-YAG laser with similar ablation pit size (Hirata and Nesbitt, 1995) .
The U-Pb for Nancy 91500, SL13 and Antarctic zircon PMA7 obtained in this study show good agreement with the previously reported data (Wiedenbeck et al., 1995; Claoué-Long et al., 1995; Menot et al., 1993 Menot et al., , 1994 . We found that laser cleaning is very important to minimize the surface contamination of common Pb. Importantly, no matrix matched or zircon standard was used for the calibration of Pb/U elemental ratios, and this is the most important feature achieved by the LA-ICPMS technique. In comparison with TIMS and SHRIMP, the weighted mean errors of U-Pb ages in this study are about an order of magnitude larger than those of TIMS (Tables  4 and 6) , and are nearly equal to those of SHRIMP (Table  7) . One possible reason of the relatively poor reproducibility, especially for young zircons, is that the ICPMS used in this study has a single collector, while TIMS used multi-collector. Walder et al. (1993) demonstrated that using multi-collector-ICPMS combined with a frequencyquadrupled Nd-YAG laser (266 nm), the precision of 207 Pb/ 206 Pb ratio measurements achieved from the craters <40 µm in diameter and 60-80 µm deep in NIST 610 SRM were <0.1% (2-sigma), which almost compared with those of TIMS.
Compared with SHRIMP, the analytical precision of the abundance measurement for light-REE is poor (Table  5 ). The cause of the poor analytical precision is mainly due to the presence of tiny inclusions with some light-REE contents. However, good agreements with previous studies (Sano et al., 2002; Ireland and Wlotzka, 1992) in heavy-REE for Nancy 91500 and SL13 standard zircons demonstrate the reliability of the present technique. We expect that simultaneous U-Pb and REE abundance data will provide more detailed geochemical or physicochemical information of the source melts.
